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ABSTRACT
Millimetre-wavelength very long baseline interferometric (mm-VLBI) observations
of M87 by the Event Horizon Telescope (EHT) should provide a unique opportunity
to observe and characterize the origins of jet variability already seen at longer wave-
lengths. Synchrotron spot models have been used to model variability near black holes;
this work extends these by allowing spots to shear and deform in the jet velocity field.
Depending on the position of the spot, shearing forces can significantly alter the struc-
ture of the spot, producing distinct signals in reconstructed images and light curves.
The maximum intensity of the shearing spot can vary by as much as a factor of five de-
pending on the spot azimuthal launch position, but the intensity decay time depends
most significantly on the spot radial launch position. Spots launched by a black hole
driven jet exhibit distinct arc structures in reconstructed images, and exhibit brighter
and shorter-lived enhancements of the light curve. Spots launched by a wind-driven
jet have exhibit much simpler structures in the image, and longer-lived light curve
enhancements than spots launched by a black hole driven jet.
Key words: black hole physics – galaxies: individual (M87, NGC 4486) – galaxies:
active – galaxies: jets – relativistic processes – submillimetre: general
1 INTRODUCTION
Of the most luminous extragalactic radio sources, nearly ev-
ery one shares a similar double-lobe radio structure, with a
bright radio galaxy or quasar sitting between the two lobes.
These active galactic nuclei (AGN) all exhibit narrow, highly
beamed relativistic jets with typical Lorentz factors of 10 to
100 and extend over wide range of intergalactic distances,
from a few kpc to tens of Mpc. Assuming the large scale
radio lobes are powered by the termination shock of these
jets against the intergalactic medium, it is possible to es-
timate their energetic content to lie between 1042 erg s−1
and 1048 erg s−1 (Longair 2011). At these values, the power
output of the central AGNs in the form of relativistic jets ri-
vals their electromagnetic luminosities. This extraordinary
kinetic luminosity plays a central role in the evolution of
galaxies and galaxy clusters. Via radio-mode feedback, AGN
jets inject both energy and momentum in the circumgalactic
and intracluster medium, suppressing star formation (Mc-
Namara & Nulsen 2012; Fabian 2012). Thus, the origin and
content of AGN jets remain a critical input to understand-
ing the evolution of structure in the universe. This, in turn,
requires a well-developed model for how relativistic jets are
launched and how this depends on the properties of the par-
ent AGNs, e.g., the evolution of black hole spin (Worrall
2009).
The Event Horizon Telescope (EHT) is a global
millimetre-wavelength, very-long baseline interferometer
(mm-VLBI), capable of generating the first images of an
AGN and resolving the horizons of the central supermas-
sive black holes (Event Horizon Telescope Collaboration
et al. 2019a,b,c,d,e,f). Currently, the EHT is comprised of
seven telescopes located at five sites: the Submillimeter Ar-
ray (SMA) and James Clerk Maxwell Telescope (JCMT) in
Hawaii, the Arizona Radio Observatory Submillimeter Tele-
scope (ARO-SMT) on Mt. Graham, the Large Millimeter
Telescope (LMT) in Mexico, the Atacama Large Millime-
ter/Submillimeter Array (ALMA) and Atacama Pathfinder
Experiment (APEX) in Chile, and the Institut de Radioas-
tronomie Millimetrique 30m Telescope in Pico Veleta (PV).
Together, these present Earth-sized baselines to the primary
EHT targets, Sgr A* and M87.
In April of 2017, the EHT successfully observed the
black hole at the center of M87, and produced the first
horizon-scale images of a black hole and its immediate sur-
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roundings. With a mass and distance of 6.5 × 109M and
16.8 Mpc, the angular diameter of M87 is 42 µas, and ap-
pears as an asymmetric ring with a deep central depression.
The flux asymmetry is suggestive of significant angular mo-
mentum, and the axis of angular momentum implied by the
asymmetry is consistent with the jet axis at lower frequen-
cies and larger scales (Event Horizon Telescope Collabora-
tion et al. 2019d,e,f).
This jet is the most prominent feature of M87 beyond
the horizon, extending to scales of 40 kpc (Junor et al. 1999;
Ly et al. 2007; Sparks et al. 1996). The luminosity of M87’s
jet roughly 1044 erg s−1 as measured at a few different lo-
cations. On kiloparsec scales observations of X-ray cavities
inflated by the jet can be used to estimate jet power to about
1043 erg s−1 to 1044 erg s−1 with timescales of approximately
1 Myr (Young et al. 2002). Below kiloparsec scales, superlu-
minal optical features in the jet can be used to estimate the
jet power, assuming they are the products of shocks. The
bright feature Knot A sits 0.9 kpc from the jet base and ex-
hibits superluminal velocities up to 1.6c (Meyer et al. 2013)
and yields and estimated jet power of a few×1044 erg s−1
(Bicknell & Begelman 1996) on a timescale of 103 years.
The bright optical feature HST 1 sits 60 pc from the jet base,
and contains superluminal features with velocities up to 6c
(Giroletti et al. 2012). On timescales of 30 years, this fea-
ture yet again yields and estimated jet power of 1044 erg s−1
(Stawarz et al. 2006; Bromberg & Levinson 2009).
Prior VLBI observations have localized the jet to the
near-horizon region (Junor et al. 1999; Ly et al. 2007; Sparks
et al. 1996). Phased-reference observations, which permit
VLBI-resolution astrometric observations, have verified that
the relativistic jet photosphere converges on a single point
at high frequencies (Hada et al. 2011), with a jet width that
decreases as a power-law with height, consistent with an-
alytical expectations (Blandford & Ko¨nigl 1979). Previous
EHT measurements of the size of the launching region have
subsequently identified it unambiguously with the black hole
(Doeleman et al. 2008, 2012).
VLBI movies of M87 show clear evidence of time-
dependent structure in the jet near the black hole (Ly et al.
2007; Walker et al. 2016; Hada et al. 2016). Multi-epoch
imaging at 43 GHz over five years shows clear evidence of
jet features with substantial proper motions. A faint but vis-
ible counter-jet exists within 0.5 mas of the jet core on the
eastern side, with variable components moving away from
the core at approximately 0.17c. The western side of the jet
is much brighter, with two clear limb-brightened arms on the
north and south. These arms contain smaller jet components
with apparent velocities between 0.25c and 0.4c, but are
most likely completely different components between observ-
ing epochs (Ly et al. 2007). Similar observations at 86 GHz
also exhibit similar jet components, and with definite vari-
ability over 4 months of observations. These higher fre-
quency observations also see a weak, highly variable counter-
jet within 0.25 mas of the jet core, also with proper motions
of approximately 0.17c. A pair of limb-brightened arms ex-
tend westward of the jet core, with multiple jet components
in both the north and south arm. These components have
apparent velocities between 0.1c and 0.48c, with proper mo-
tions approximately 1.0 mas yr−1 to 1.81 mas yr−1, with new
components appearing on a timescale of a few months (Hada
et al. 2016).
The extreme luminosity of AGN jets are thought to orig-
inate from the conversion of gravitational potential energy
to radiation from deep inside the the potential well of su-
permassive black holes. The mechanism of this conversion is
unconfirmed, though at present is believed to be facilitated
by the extraction of rotational energy via magnetic torques,
the chief distinguishing factor being the energy reservoir and
topology of the magnetic fields. These may be organized into
two primary classes: jets driven by black holes (Blandford
& Znajek 1977) and jets driven by accretion flows (Bland-
ford & Payne 1982).In the former, the jet is powered by the
extraction of rotational energy via large-scale electromag-
netic fields near the horizon of the supermassive black hole,
which become highly collimated far from the black hole. In
the latter, the outflows are associated with a massive disk
wind emanating from a hot accretion disk around the black
hole, where the disk electromagnetic fields provide the mo-
tive force and the disk particles provides the luminous ma-
terial.
In either case, the structure of the resulting jet is very
similar. The canonical jet model extracted from simula-
tions features a force-free interior where the majority of the
electromagnetic energy density is uncoupled from any par-
ticles in the jet (McKinney 2006; Hawley & Krolik 2006;
Tchekhovskoy et al. 2008). The exterior of the jet is com-
posed of a magnetically dominated wind where the magnetic
pressure is much larger than the gas pressure. Both of these
regions are, in turn, supported by a hot, thick accretion flow
which provides the currents for the magnetic fields.
Simulated EHT images, which show sub-horizon scale
emission structure, have been produced using a simplified,
stationary, force-free model of the jet-interior (Broderick &
Loeb 2009). In this model, magnetic field lines that are an-
chored in a putative accretion flow, setting the boundary
conditions for the force-free region. Those field lines that
anchor in the inner most stable circular orbit define a criti-
cal surface which exhibits the largest accelerations and high-
est Lorentz factors. These field lines also serve as a conve-
nient boundary of the jet and an important reference posi-
tion when initializing our simulations, whose perpendicular
distance from the jet axis we will call ρcrit.
Simulated images from semi-analytic models differ from
images generated from general relativistic magnetohydro-
dynamic (GRMHD) simulations primarily through the dis-
tributions of the synchrotron emitting lepton populations.
While the magnetic field and energy density are well de-
scribed in GRMHD simulations, the particle content in re-
gions of high magnetic density is not well recovered (Dexter
et al. 2012). Non-thermal particle emission in the highly
magnetized regions could arise from turbulence or magnetic
reconnection events well below the simulation resolution,
and efforts to produce a self-consistent model for the evo-
lution of the non-thermal particle distribution are still un-
derway (Mos´cibrodzka et al. 2016). Because of this, jet vari-
ability in these GRMHD simulations are strongly dependent
on numerical noise in the jet-launching region and may not
adequately model observed variability in M87. Indeed, when
comparing GRMHD models to the observations of M87, the
emissivity was set to zero in regions where the magnetization
was order unity due to the unreliable nature of the emission
(Event Horizon Telescope Collaboration et al. 2019e).
For simplicity, the force-free jet model used in this work
MNRAS 000, 1–12 (0000)
Differentiating Wind and Black Hole Driven Jets 3
is time-stationary, and we add variability by introducing
compact emission regions within the jet-launching zone, but
do not allow these compact regions to affect the field struc-
ture of the jet. As a result some intrinsic variability that
is expected from the turbulent accretion flow and jet is not
captured by the semi-analytic model, but we also do not im-
pose any restrictions on the particle emissivities in regions
of high magnetization. Force-free jets are not generally time
stationary, but this work serves as a pilot study to explore
the effects of hot-spot variability in the jet launching re-
gion as a way to distinguish black hole driven and wind-
driven jets. While outside the scope of this work, one could
physically motivate these spots as reconnection products at
the jet boundary, particle creation events inside the jet, or
as wind material blown up from the accretion disk. These
“spots” are similar to those employed within the accretion
flow environments in Broderick & Loeb (2006), with two key
exceptions: 1. following injection they subsequently outflow
along the highly-stratified velocity field of the stationary
force-free jet model, and 2. they necessarily shear. We find
that both the small- and large-scale features of the 1.3 mm
images are strongly dependent on the initial spot injection
location. Thus, the nature and properties of the variability
in EHT observations of M87 is diagnostic of the location of
the jet launching region and the origin of the emitting jet
leptons.
In Section 2 we describe how spots are modeled in de-
tail. In Section 3 we explore a variety of different injection
sites and spot parameters, identifying qualitative trends and
quantitative signatures of black hole-driven and disk-driven
jets. Conclusions are collected in Section 4.
Throughout the paper we specify distances in M ≡
GM/c2 = 1.0 × 1015 cm and time in tg ≡ GM/c3 ≈ 9 hr.
Where appropriate, values in other units will be provided
for convenience. In all models, the black hole has a dimen-
sionless spin of a ≡ J/M = 0.993, where J is the spacetime
angular momentum. While the M87 images and model com-
parisons produced by the EHT were not able to constrain
the spin of M87, the jet power at larger scales and other fre-
quencies are difficult to reproduce in GRMHD simulations
with low spin (Event Horizon Telescope Collaboration et al.
2019e). All images are simulated observations at 1.3 mm,
and show a logarithmic intensity scale over four orders of
magnitude, normalized so that the total image intensity of
just the quiescent jet without a spot is about 0.7 Jy.
2 MODELING THE VARIABILITY
2.1 Non-shearing Spot
The radio wavelength images of M87 made by Ly et al.
(2007); Mertens et al. (2016); Hada et al. (2016), among
others, show clear evidence of structure in the jet at lower
frequencies. While this work does not seek to explain the
physical mechanisms of generating these structures, we do
want to explore how the EHT might see jet structure near
the black hole. To this end, we model these structures, or
spots, as an over-density of non-thermal electrons which we
construct to initially have a spherical Gaussian distribution
in the reference frame of the spot center. The physical moti-
vation for these spots is that a high energy event occurs near
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Figure 1. Velocity (blue) and Magnetic (green) fields of the jet in
the x-z plane. The vector field shows the magnitude and direction
of the x and z (poloidal) components, and the contours show the
magnitude of the y (toroidal) component, where darker contours
correspond to higher values. As we travel up the jet, the magni-
tude of the toroidal velocity component (vy in this slice) drops,
while the poloidal velocity component (vx and vz) increases. The
dashed curves represent the streamline connected to the inner jet
edge. The red dashed curve is the streamline for an inner jet edge
at the ISCO, and the orange dashed curve is the streamline for
an inner jet edge at 2 rISCO.
the base of the jet near the black hole, generating a large
population of non-thermal particles. The jet is overwhelm-
ingly dominated by Poynting flux this close to the black hole
(Tchekhovskoy et al. 2008; McKinney et al. 2012), so large
fluctuations in the emissivity should not significantly alter
the larger jet structure. The motion of the spot is determined
solely by the location of the spot center, which follows a sin-
gle stream line up the jet, and the density profile of the spot
stays fixed to the spot center.
Our jet model produces a velocity field that accelerates
particles up the jet, but also includes significant shearing in
the azimuthal plane. In Figure 1, we show the velocity (blue)
and magnetic (green) field structures. In our jet model, we
fix the angular velocity Ω inside the critical surface (red
dashed line) to the value at the critical surface, as described
in Broderick & Loeb (2009). In many simulations, Ω is gen-
erally smaller than the angular velocity at the ISCO, as in
McKinney et al. (2012). To investigate the effects of reduced
Ω on the velocity field, we artificially extended the jet inner
radius away from the ISCO (orange dashed line). This serves
to decrease Ω inside the critical surface. As shown in Figure
1, increasing the jet inner edge reduces the angular veloc-
ity (blue contours) inside the critical surface, and produces
a shallower Ω gradient across the cylindrical radius. Out-
side the critical surface, Ω is unchanged. Thus, reducing Ω
inside the critical surface should have no effect on hotspots
launched outside the critical surface, and will only affect the
evolution of spots launched inside the critical surface. Re-
gardless, extended emission regions still become distorted
and sheared out, changing the emission profile dramatically
MNRAS 000, 1–12 (0000)
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Figure 2. Sections from the outermost radial mini-spot shells
showing central mini-spot (i, j, k) and its nearest neighbors in the
cardinal shell directions. The mini-spots have been interpolated
5tg from their initial launch time, and significant shearing from
square in the θ and φ directions are apparent.
depending on where in the velocity field the spot is launched.
A spot with a fixed density profile will not be able to ade-
quately simulate expected variability in our jet velocity field,
so we must develop a method that allows the spot to shear
out while maintaining a good approximation of the initial
density profile of our non-shearing spot.
2.2 Shearing Spot
While our Gaussian spots should adequately model the gen-
eral motion of over-densities in the jet, the shearing forces
near the black hole non-trivially affect the structure of these
spots as they evolve. In order to confidently explore the im-
pact of this type of jet variability on EHT images, we need
to think carefully about how to initially construct and keep
track of the changing spot. We construct a shearing spot
as an assembly of smaller non-shearing spots arranged in
equal mass shells that approximate the density structure of
the non-shearing spot. These mini-spots serve as Lagrangian
control points for calculating the local density in a way sim-
ilar to smoothed particle hydrodynamics methods.
To be able to propagate the mini-spots through the jet
velocity field, we need a set of coordinates ξ that co-move
with each mini-spot.
ξµ1 = 
µαβγtαzβuγ (1)
ξµ2 = 
µαβγtαξ1βuγ (2)
ξµ3 = 
µαβγξ1αξ2βuγ , (3)
where µαβγ is the 4th-dimensional Levi-Civita symbol, tα
is the lab frame time-like Killing vector, zβ is the lab frame
vertical spatial unit vector, and uγ is the lab frame veloc-
ity. Once these ξ are normalized, they serve as a space-like
orthonormal triad that is also orthogonal to the lab frame
velocity; together they form a complete spacetime basis.
We divide our non-shearing density profile into radial,
azimuthal, and polar shells evenly distributed by mass. From
our co-moving cartesian basis we then construct the initial
mini-spot distribution in Boyer-Lindquist coordinates xµijk
where each i, j, and k index corresponds to a single mini-
Figure 3. Density evolution of a non-shearing and shearing spot
launched at ρ = 0.5ρcrit and φ = 270
◦ for 30tg in gravitational
time. The top set of spots are a non-shearing spot with a Gaussian
density profile in the spot-center reference frame, and the bottom
set of spots are a shearing spot with the same initial launch posi-
tion and density profile. The shearing spot develops an extended
tail within a few tg of launch, producing a very different density
profile than the non-shearing spot.
spot shell.
xµijk = ρi sin(ϑj) cos(ϕk)ξ
µ
1 + ρi sin(ϑj) sin(ϕk)ξ
µ
2
+ ρi cos(ϑj)ξ
µ
3 + r
µ,
(4)
where ρ, ϑ and ϕ are the shell indices for each mini-spot,
and rµ is the initial spot center position in the lab frame.
Every mini-spot appears simultaneously in the frame co-
moving with the spot center, but will appear at different
Boyer-Lindquist times in the lab frame.
To find the mini-spot positions at later times, we cal-
culate each mini-spot trajectory dxµijk/dt using the value of
the velocity field uµijk at the mini-spot,
dxµijk
dt
=
uµijk
u0ijk
. (5)
We use a 4th/5th order Cash-Karp Runge-Kutta method to
integrate along these trajectories, with adaptive step sizes
determined by the error of the 4th order calculation (Press
et al. 2007). We first integrate backwards from our initial
Boyer-Lindquist time to make sure we have mini-spot tra-
jectories for every mini-spot in the lab frame, then inte-
grate forward along the trajectories from the initial time to
far enough in the future to travel significantly up the jet.
We smoothly propagate each control point along their own
streamline in the jet velocity field to create a spot path,
which we tabulate at each integration step.
We can calculate the density at any point by adding up
the density contribution from all the mini-spots nearby:
ns =
ρ0r
3
s
Ns
∑
j
exp
(− 1
2
∆rjI
−1
j ∆rj
)√
|I−1j |
. (6)
Our total density ns is made up of j mini-spots with individ-
ual number densities normalized by the correlated distance
between one mini-spot and its nearest neighbors. Here, ρ0
is the number density for an equivalently sized non-shearing
spot, rs and Ns are the spot radius and total number of
mini-spots respectively, and ∆rj is the distance from where
we want to calculate the density, at (r, θ, φ), to the mini-spot
position xµijk. We add up the density contributions from each
mini-spot by using an inverse covariance matrix I of mini-
spot positions, which lets us calculate the local density in
MNRAS 000, 1–12 (0000)
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Figure 4. Density and velocity profiles for the spot launched at
ρ = 0.75ρcrit (left) and 1.25ρcrit (right) at t = 0tg (bottom) and
30tg (top). The velocity profile for the outer spot (bottom two
blobs) exhibits much less shearing, resulting in a more spherically
symmetric spot as it evolves than the interior spot.
the mini-spot coordinate frame:
Irr =
∑
[i′j′k′] (ri′j′k′ − rijk)2 (7)
Iθθ =
∑
[i′j′k′] (θi′j′k′ − θijk)2 (8)
Iφφ =
∑
[i′j′k′] (BC (φi′j′k′ − φijk))2 (9)
Irφ =
∑
[i′j′k′] (ri′j′k′ − rijk) (BC (φi′j′k′ − φijk)) . (10)
The sums in Equations (7 – 10) are over the mini-spot near-
est neighbors to the central (i, j, k) location (in spot coordi-
nates) where we want to calculate the density. The nearest
neighbor spots are relative to their shell coordinates; the
nearest r neighbors live in the i + 1 and i − 1 shells, the
nearest φ neighbors live in the j+1 and j−1 shells, and the
nearest θ neighbors live in the k + 1 and k − 1 shells. The
BC function is a branch cut function that makes sure we cal-
culate the shortest distance between two φ shells, to make
sure that mini-spots at φ = 355◦ and φ = 5◦ are properly
separated by . We only consider the covariance of nearest
neighbors in the r− r, φ− φ, θ− θ, and r− θ directions be-
cause we do not expect much shearing in the θ− φ or r− φ
directions. Indeed, it is apparent in Figure 2 that this is the
case, with the most significant shearing occurs in the radial
and poloidal directions. Finally, the proper density is given
by ns/u
t.
Black hole driven spots should have a much more ex-
tended density profile than a non-shearing Gaussian spot
launched with the same initial conditions. This is appar-
ent in Figure 3, which shows the shearing spot with an ex-
tended tail feature forward of the spot central density, and
a much more extended density region in general. Shearing
spots launched at different launch radii should also develop
different density profiles, demonstrated in Figure 4, since
the velocity field structure changes significantly outside the
critical field surface.
Even though spots might only differ in initial radial
launch distance by less than 5rg they exhibit substantially
different density profiles after even a few gravitational time
steps. A black hole driven spot will experience a much
stronger velocity gradient than a wind-driven spot, and
should be distinguishable in much the same way a non-
shearing Gaussian spot is distinguishable from a shearing
spot. Even though our jet model is relatively simple com-
pared to GRMHD simulations, the techniques used to gener-
Figure 5. Snapshots at late times (35tg) of a Gaussian and Shear-
ing spot launched at ρ = 0.5ρcrit and φ = 270
◦. The non-shearing
spot stays compact and bright, but the shearing spot develops
complicated emission structures in the image plane, due to a com-
bination of light delays and more spatially extended emission.
ate and track hotspots spots can be used in other jet models
with more complicated velocity fields.
In practical terms, the shearing spot is initialized in
terms of cylindrical launch coordinates, centered on the
black hole. Throughout the rest of this paper, we will ref-
erence the radial cylindrical coordinate ρ, not to be con-
fused with the initial non-shearing spot density profile. This
radial launch coordinate is parametrized in units relative
to the cylindrical radius of the critical field line or surface,
which we denote as ρcrit. Additionally, we can initialize the
spot at different azimuthal positions around the black hole,
which we denote with φ. With respect for the line of sight,
a spot launched in front of the jet axis is initialized with
φ = 0◦, and a spot launched behind the jet axis is initialized
with φ = 180◦. This should also not be confused with the
inclination of the jet, which is fixed in our simulations to
be i = 17◦, consistent with the results from Mertens et al.
(2016). The vertical position can also be specified, but is
set to be z = 3M for most of the simulations described in
this paper. We discuss modifications to the launch height in
Section 3.5.
3 EXPLORATION OF IMAGING
3.1 Radiative Transfer
The primary emission mechanism near the black hole is syn-
chrotron radiation from thermal and non-thermal electrons.
The thermal component is modeled using the emissivity de-
scribed in Yuan et al. (2003), and corrected to be fully co-
variant following the description of covariant radiative trans-
fer by Broderick & Blandford (2004). We assume the distri-
bution of thermal electrons is isotropic, and use a thermal
synchrotron polarization fraction derived in Petrosian & Mc-
Tiernan (1983).
The non-thermal emission is assumed to follow a power-
law distribution which cuts off below some critical Lorentz
factor, as described by Jones & Odell (1977). The cut-off is
fit to match M87’s observed milimeter spectrum (Broder-
ick & Loeb 2009), and the absorption coefficients are deter-
MNRAS 000, 1–12 (0000)
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Figure 6. Snapshots of a shearing spot launched at different cylindrical positions, both inside and outside of the jet, showing evolution
over time. From left to right, the columns correspond to spots with initial cylindrical radii at 0.5ρcrit, 0.75ρcrit, ρcrit, 1.25ρcrit, and
1.5ρcrit. In all cases the azimuthal launch location was φ = 270
◦. Time flows from the top row to the bottom row, where between each
row the observer time advances by 10tg (90 hr). Spots launched inside the critical surface exhibit more complex emission structures when
compared to spots launched outside the critical surface.
mined directly from Kirchoff’s law (Broderick & Blandford
2004).
3.2 Shearing v. Non-Shearing Spots
The distributed density profile of the shearing spots is eas-
ily distinguishable from the Gaussian spot in the imaging
space as well. It is readily apparent that the shearing spot
has a much more extended intensity profile. This Figure 5
shows a snapshot at 35tg (about 315 hours or 13 days) after
the initial launch, and the shearing spot exhibits a complex
structure. The spot has sheared out enough to wrap up on
itself at least once, creating a distinct arc over the bright jet
emission near the black hole.
3.3 Shearing Spots, Changing Radius
We have demonstrated that the shearing spot is substan-
tially different from the Gaussian spot in both its density
profile and in the image domain. Our next task is to com-
pare shearing spots at different launch positions. The M87
model used in this paper has a large spin, a = 0.993, result-
ing in a strong velocity field very close to the black hole.
This means photons from our spots can be strongly beamed
towards or away from us when the spot is near the black
hole, in addition to beaming associated with the accelera-
tion from the jet itself. The geometry of the velocity field
near the jet will also lead to different shearing morpholo-
gies, depending on whether the spot was launched inside or
outside the jet critical surface.
Zooming into the immediate region around the black
hole at early times, we can still see differences in image struc-
ture when we change the spot launch radius. Even though
the spot is very bright at early times, we can see in the
top two rows of Figure 6 that black hole-driven spots shear
away faster than wind-driven spots. We can also see how
spots starting at the critical radius initially look very much
MNRAS 000, 1–12 (0000)
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Figure 7. Images of a shearing spot at ρ = 0.5ρcrit at cylindrical angles φ of 0
◦, 90◦, 180◦ and 270◦ showing early evolution. Time
flows from the bottom row to the top in steps of 15tg (5 days), starting 5tg after the spot is launched. Changing the launch azimuthal
position dramatically changes the spot intensity and location of extended structure in the image.
like black hole-driven spots, but shear into structures similar
to wind-driven spots at later times.
Spot densities for wind-driven spots remain relatively
compact, as seen above in Figure 4. Even after 30tg (11
days), wind-driven spots are only slightly more extended
compared to their launch size. Nevertheless, propagation
time delays smear the spots on the image plane. While this
happens for black hole-driven spots as well, this phenomenon
is easiest to see in wind-driven spots, where the spot both
shears and travels much more slowly.
If we zoom out and look at the spot for longer, as we do
in the bottom two rows of Figure 6, the same conclusions still
apply: azimuthal shearing is most significant inside the crit-
ical surface (about 4rg for a launch height of 3rg), which is
responsible for low surface brightness arcs. Outside the crit-
ical surface, azimuthal shearing is significantly suppressed,
and the spot slowly expands and flows outward, generating
an extended arm in the last column.
Figure 6 demonstrates that spots launched inside the
jet critical surface exhibit sheared structures that distin-
guish them from spots launched outside the critical sur-
face. The spot launched at ρ = 0.5ρcrit (first column) looks
much different than the spot launched at ρ = 1.5ρcrit (last
column). The black hole-driven spot creates a thin arc in
the last row, 35tg (13 days) after the spot was launched.
The spot arc is still present for the spot launched on the
critical surface, whereas the exterior spots have a more ex-
tended emission region coming straight out of the bright jet
region. Spots launched outside the critical surface exhibit
much dimmer arcs, and perpendicular structures disappear
entirely for spots launched only 2rg (ρ = 1.5ρcrit) away from
the critical surface.
Without a spot, the jet electron density is set such that
the total intensity for a quiescent jet is approximately 0.7 Jy,
which is consistent with the measurements of compact flux
from geometric model fits in Event Horizon Telescope Col-
laboration et al. (2019f). For a fixed spot electron density,
the maximum intensity in the image depends strongly on
the initial radial launch position. The spot appears bright-
est when launched on the critical surface, and falls off faster
when launched inside the jet. The shorter spot half-life for
black hole driven spots can be attributed to stronger shear-
ing compared to wind driven spots, which serves to disrupt
and dilute the spot intensity inside the jet. Spots outside the
jet experience less shear, and remain relatively more com-
pact for longer. A more in depth discussion about spot light
curves is reserved for Section 3.6
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Figure 8. Images of a spot launched at ρ = 1.0ρcrit with φ angles of 0
◦, 90◦, 180◦, and 270◦ showing early evolution. The top row is
5tg (45 hours) after the spot launch, the second row is 20tg (7.5 days) after the spot launch, and the bottom row is 35tg (13 days) after
the spot launch. Changing the azimuthal launch parameter produces significant differences in image intensity, with spots launched at
low angles contributing to a much lower image intensity than spots launched at large angles. Complicated arc structures away from the
black hole are evident at late times.
3.4 Changing Launch Azimuth
Fixing the radial launch position to 50% the critical sur-
face but varying the azimuthal launch angle around the jet
dramatically alters the structure of intensity in the image,
especially at late times. These dramatic differences can be
attributed to different projections of the shearing spot as it
shears around the jet, and there is qualitatively no struc-
tural differences in the local spot density structure between
these different launch positions. The spot in each of these
cases shears in the same way and in the same amount of
time, as we can see in Figure 7. At late enough times, e.g.,
the last row of Figure 7, there is a thin arc emerging from
the edge of the black hole shadow towards the low surface
brightness structures further away from the black hole. This
region is the tail of the spot re-entering the region of the
jet that provides the strongest beaming. Even though the
spot tail has very low density, the beaming in this region
of the jet is strong enough to make the tail of comparable
brightness to the main spot arc.
Similar to black hole-driven spots, launching spots on
the critical surface at different azimuthal positions leads to
substantially different emission structures in the image at
later times, as seen in Figure 8. Even so, these different struc-
tures are different projections of the same spot arc around
the jet. Arcs in these images stay relatively compact and
bright compared to arcs associated with black hole-driven
spots. Spots on the critical surface shear less than spots in-
side the critical surface, and no spot on the critical surface
shears completely around in the simulated time.
Also similar to black hole-driven spots, fixing the radial
launch position to the critical surface but changing the az-
imuthal launch position changes the apparent brightness of
the spot as it moves around the jet, as we can see in the sec-
ond row of Figure 8. The spot launched on the side with the
highest beaming, φ = 270◦, has a much higher brightness
compared to the spot launched at φ = 0◦. The spot inten-
sity half-life is approximately the same for spots launched
on the critical surface as as spots launched inside the jet.
As mentioned earlier, the consequences of slow light can
best be seen in images of wind-driven spots. We can see
in Figure 9 that for intermediate times, e.g., in the second
row, the image of the spot is relatively compact, and ap-
proximates the physical structure of the spot at different
projections. At later times, the image of the spot stretches
MNRAS 000, 1–12 (0000)
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Figure 9. Horizon scale images of a spot launched at ρ = 1.5ρcrit and at φ angles of 0
◦, 90◦, 180◦, and 270◦. The top row is 5tg (45
hours) after the spot launch, the second row is 20tg (7.5 days) after the spot launch, and the bottom row is 35tg (13 days) after the spot
launch. The spot density remains compact and relatively spherical, and projection effects and light delays produce the dim extended
arms at late times. The spot intensity is generally comparable to the underlying jet intensity.
into an extended, diffuse arm even though the spot itself
remains relatively spherical.
Wind-driven spots are generally dimmer relative to in-
terior or critical spots, except on the brightest side of the
jet (φ = 270◦). While these spots may not be as bright as
other spots, they contribute significantly to the overall im-
age intensity for much longer.
3.5 Critical Spots, Changing Height
Fixing the radial and azimuthal launch positions but al-
tering the launch height is approximately degenerate with
changing the observer time for the spot image. Spots that
start at a higher position look structurally very similar to
later images of spots launched at lower heights. For exam-
ple, the spot launched at 12M and seen about 135 hr after
launch looks very much like a spot launched at 6M imaged
225 hr after launch (Figure 10).
The time delay signature apparent in the images of
spots launched at different heights are also visible in the
light curves, as demonstrated in Figure 11. Spots launched
at h = 3M start contributing additional flux beyond the qui-
escent jet around t = 10tg after the spot launch, and spots
launched at h = 6M start brightening only a few tg after
the spot launch. This delay can be attributed to the shape of
the velocity streamlines, which are roughly parabolic. Close
to the black hole, the spot is accelerating up the jet per-
pendicular to the line of sight, but eventually travels mostly
parallel to the line of sight. Since the intensity is strongly
dependent on beaming effects, the spots only contribute to
the image intensity when they are traveling parallel to the
line of sight. For spots launched higher up the jet, e.g. at
h = 12M ,the spot immediately accelerates parallel to the
line of sight.
3.6 Exploration of Light Curves
The total averaged image intensity is an easily accessible
and measurable quantity that can be accessed without full
image reconstructions of the horizon region. Here we discuss
in more detail how the total image intensity changes with
spot azimuthal launch position, and how changing the spot
launch radius changes the image intensity decay time outside
the jet.
To explore the effect of different azimuthal launch po-
sitions on the structure and maximum intensity in the light
MNRAS 000, 1–12 (0000)
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Figure 10. Altering the launch height of spots launched at ρ =
ρcrit. The first column is a spot launched with a height of 6M
and the second column is a spot launched with a height of 12M .
The first row corresponds to t = 5tg (45 hours) after the spot
launch, and the second and third row correspond to t = 15tg and
t = 25tg respectively. Early time spots at high launch heights
look qualitatively like late time spots with low launch heights.
curves, we generated a shearing spot simulation every 20◦
around the black hole for spots launched at ρ = 0.5, 1.0,
and 1.5ρcrit. For each simulation and associated light curve,
the maximum image intensity is shown in Figure 12 as
a function of azimuthal launch position, φ. The quiescent
jet without a spot has a total image intensity of about
I = 0.7 Jy. The brightest spots are launched between
φ = 210◦ and φ = 300◦, and peak around φ = 270◦ for
spots launched on the critical surface, as shown by the or-
ange dashed line in Figure 12. Wind driven spots are also
brightest around φ = 270◦, but exhibit the lowest maximum
intensities compared to other spots when launched between
φ = 10◦ and φ = 240◦. For black hole driven spots launched
at ρ = 0.5ρcrit, the brightest spots are launched closer to
φ = 180◦, and only reach about half the peak intensity of
spots launched on the critical surface.
The region of azimuthal parameter space where beam-
ing boosts the image intensity to > 3 times the quiescent
jet occurs between φ = 200◦ and φ = 300◦, about a quarter
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Figure 11. Light curves of a shearing spot launched at 1.0ρcrit.
The spot was launched at 270◦, at heights of h = 3M (blue solid),
h = 6M (red dashed), and h = 12M (green long dashed). Spots
that start lower than 6M experience a full rise, peak, and fall in
their light curve.
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Figure 12. Maximum image intensity as function of azimuthal
launch position φ for a spot launched at ρ = 0.5ρcrit (blue solid
line), ρcrit (orange dashed line), and 1.5ρcrit (red dotted line).
The maximum intensity peaks near φ = 270◦ for wind driven
spots and spots launched on the critical surface, but black hole
driven spots have a shallower and broader maximum intensity
distribution.
of the total azimuthal parameter space. Outside this region,
the maximum intensity remains within a factor of 2 or less
of the quiescent jet. Image reconstructions and geometric
model fits to M87 presented in Event Horizon Telescope Col-
laboration et al. (2019d,f) were fit to visibility amplitudes,
which allowed for some measurement of the compact flux in
the EHT images. The average measurement was 0.66+0.16−0.10 Jy
for image domain measurements, and 0.75 ± 0.3 Jy for geo-
metric models, but the measurements may suggest a rise in
flux during the first two observations and a fall over the last
two observations.
Ideally, to identify and analyze these energetic events,
the spot must persist long enough to be seen in at least two
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Differentiating Wind and Black Hole Driven Jets 11
5 15 25 35 45
t(tg)
0
1
2
3
4
I
/I
m
a
x
(J
y
)
ρ = 0.5 ρcrit
5 15 25 35 45
t(tg)
ρ = ρcrit
5 15 25 35 45
t(tg)
ρ = 1.5 ρcrit
0
90
180
270
360
φ
Figure 13. Normalized light curves as function of azimuthal launch position φ for spots launched at ρ = 0.5ρcrit, ρcrit, and 1.5ρcrit.
Successive light curves are shifted by a constant factor. The maximum intensity is denoted by an orange triangle, and the half-maximum
intensity is denoted by a red square. Contributions to the light curve from secondary spot features produces non-trivial evolution in the
maximum intensity and spot half-life for black hole driven spots. Light curve features evolve smoothly for wind driven spots.
observations during the EHT observing window. The time it
takes for a spot to evolve from its maximum intensity to half
the maximum is a useful quantity for characterizing the spot
lifecycle. For a spot starting on the critical radius, the spot
half-life is largest when the spot starts on the dim side of the
jet (φ ≈ 120◦), as see in the centre panel of Figure 13. Here,
the spot half-life is approximately 90 hr, but drops to around
45 hr when the spot should be brightest (φ = 270◦). This
variation in spot half-life can be attributed to the presence
of secondary features in the light curve caused by the spot
tails entering the strongly beamed region. This appears in all
black hole driven spots, and produces breaks and discontinu-
ities in the time of the max and half-maximum intensities.
For a spot launched at 0.5ρcrit, this leads to a 10tg jump
between the maximum intensities between spots launched
between φ = 340◦ and φ = 360◦.
Wind driven spots exhibit more gentle light curve evolu-
tion with azimuthal launch position. Both the maximum and
half-maximum intensity smoothly rise to peak at φ = 270◦,
and then fall back down to the original times at φ = 0◦.
Wind driven spots also exhibit the longest half-lives, where
a spot launched at 1.5ρcrit has a half-life of about 15tg when
launched at φ = 240◦.
Within the context of the Event Horizon Telescope Col-
laboration et al. (2019f) compact flux measurements, the
weak rise and fall over the 6 day observation period does
not allow us to put constraints on our spot model at this
time. Most of the uncertainty in the measured flux comes
from systematic uncertainty in the calibration of the geo-
metric models to a large library of GRMHD simulations. If
future analyses or observations are able to restrict the al-
lowed GRMHD simulations, and thus contract the system-
atic error in the flux calibration, then it may be possible to
connect the variability at horizon scales to these shearing
spot models, and either constrain or rule out certain regions
of the spot parameter space.
At very low azimuthal launch angles (φ ≈ 0◦), all spots
have approximately the same maximum intensity and half-
life. However, black hole driven spots may still be distin-
guishable from wind driven spots by the presence of multi-
modal features in the light curves. When spots are launched
at higher azimuthal angles, and especially for spots launched
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Figure 14. Spot intensity decay time as function of cylindrical
radial launch position ρ for spots launched at φ = 270◦. The
dashed vertical line corresponds to the cylindrical radius of the
critical surface. Spot intensity decay time is relatively flat inside
the critical surface but increases outside the critical surface.
to maximize their intensity, Figure 14 shows that there is
a general increasing trend in spot half-lives for increasing
cylindrical launch radius. By using a combination of maxi-
mum intensity, spot half-life, and the presence or absence of
secondary features in the light curve, it should be possible
to distinguish black hole driven and wind driven shearing
spots.
4 CONCLUSIONS
The emission from compact spots near the base of M87’s jet
is strongly shaped by the velocity field of the jet. Material
originating inside or on the jet velocity critical surface ex-
perience significant shear forces on timescales of a few days,
which means consecutive days of EHT observation could ob-
serve this type of variability. These spots are sheared into
complex arcs perpendicular to the jet axis that are readily
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apparent in simulated reconstructed images of the black hole
region of M87, and could be verified in the reconstructed
EHT images. Material originating outside the velocity crit-
ical surface experience much less shear, producing no arcs
in reconstructed images, and are thus distinguishable from
interior spots in the image domain.
The evolution of structure in these spots is strongly
dependent on the radial and azimuthal launch position of
the material. While the azimuthal launch position of the
spot dramatically alters the maximum intensity of the recon-
structed image, the sheared structure remains qualitatively
the same for fixed launch radii. Black hole driven spots ex-
hibit high maximum intensities but fall to quiescent jet in-
tensities within a couple of days, and exhibit multi-modal
features in their light curve. Exterior spots exhibit lower
maximum intensities for most azimuthal launch positions
but persist for much longer, and can contribute to the light
curve for over a week. Changing the azimuthal launch posi-
tion of a spot can alter the maximum intensity by up to a
factor of 5 due to differences in beaming around the jet. By
combining the spot maximum intensity, half-life, and light
curve structure, it is possible to distinguish black hole driven
and wind driven spots, and possibly constrain the formation
and launching character of AGN jets.
These distinctions persist in the visibility data, which
may be used to probe jet launching physics without using
image reconstruction. In a future publication we hope to
explore how visibility data can also help distinguish between
black hole driven and wind-driven relativistic jets.
The publication of the black hole image from the EHT
observations taken in 2017 signify the start of a new era
of horizon-scale science. While those results primarily fo-
cused on image features, direct GRMHD comparisons, and
geometric modeling (Event Horizon Telescope Collaboration
et al. 2019d,e,f), incorporating semi-analytic models into the
feature-extraction pipeline is a key goal for EHT analyses
going forward. In particular, adding both the force-free jet
and shearing spot model as described in this work to the
THEMIS model comparison framework (A.E. Broderick et.
al 2019, in prep) will allow for precise estimates of jet launch-
ing mechanisms and tight constraints on time variability.
The shearing spot model is designed to be compatible in an
arbitrary velocity field, and can also be used to model time
variability in SMBH systems without jets, or with more ex-
otic velocity profiles.
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